INTRODUCTION
============

For many years, DNA was considered to be solely a carrier of genetic information. The discovery of short DNA molecules that possess catalytic activities, called deoxyribozymes or DNAzymes, changed the concept of DNA as a biomolecule ([@gkt694-B1]). These DNAzymes are obtained by a technique known as *in vitro* selection, a combinatorial method for producing oligonucleotides that specifically catalyze certain reactions, ranging from phosphodiester transfer to porphyrin metallation ([@gkt694-B1; @gkt694-B2; @gkt694-B3; @gkt694-B4; @gkt694-B5; @gkt694-B6; @gkt694-B7; @gkt694-B8; @gkt694-B9]). Not surprisingly, as polyanionic biopolymers, most of the DNAzymes selected to date require metal ions to function. An interesting property is the remarkable specificity shown by these DNAzymes for certain metal ions over other metal ions. This high specificity has been used by researchers in the field to convert these DNAzymes into highly selective biosensors for metal ions ([@gkt694-B10; @gkt694-B11; @gkt694-B12; @gkt694-B13]).

Even though high specificity for metal ions by DNAzymes has been established, and their application as metal sensors has been demonstrated, structural features responsible for such specificity remain to be understood, especially in comparison with those reported for metal interactions with nucleic acids ([@gkt694-B14; @gkt694-B15; @gkt694-B16; @gkt694-B17; @gkt694-B18; @gkt694-B19; @gkt694-B20; @gkt694-B21; @gkt694-B22; @gkt694-B23; @gkt694-B24; @gkt694-B25]) and ribozymes ([@gkt694-B26; @gkt694-B27; @gkt694-B28; @gkt694-B29; @gkt694-B30; @gkt694-B31; @gkt694-B32]). Such an understanding of the role of metal ions and their specific interactions with the DNAzymes is important not only for advancing our fundamental knowledge of biocoordination chemistry, because DNAzymes are a new class of metalloenzymes next to metalloproteins and metallo-ribozymes, but also for making better sensors.

The DNAzyme that has been most studied so far is the 8--17 DNAzyme, which catalyzes the cleavage of a substrate strand containing a single ribonucleotide at the cleavage site in the presence of divalent metal ions, such as Mg^2+^, Ca^2+^ and Zn^2+^, showing the highest activity with Pb^2+^ ([@gkt694-B33],[@gkt694-B34]). Extensive studies of the 8--17 DNAzyme have been carried out using various biochemical and biophysical methods ([@gkt694-B34; @gkt694-B35; @gkt694-B36; @gkt694-B37; @gkt694-B38; @gkt694-B39; @gkt694-B40; @gkt694-B41; @gkt694-B42; @gkt694-B43]), and a lock-and-key mechanism commonly observed in protein enzymes has been found to be responsible for the high selectivity for Pb^2+^. Another DNAzyme, called the 39E DNAzyme ([Figure 1](#gkt694-F1){ref-type="fig"}a), is even more selective, exhibiting over million-fold selectivity for uranyl over other metal ions ([@gkt694-B44],[@gkt694-B45]), as compared with the ∼100-fold selectivity of Pb^2+^ over the next-best competing metal ion (Zn^2+^) for the 8--17 DNAzyme. Despite the demonstrated high selectivity and sensing applications ([@gkt694-B44],[@gkt694-B46; @gkt694-B47; @gkt694-B48; @gkt694-B49; @gkt694-B50; @gkt694-B51; @gkt694-B52]), the source of the selectivity of the 39E DNAzyme for uranyl over other metal ions is unknown. To gain deeper insights into this selectivity, we have carried out a biochemical study to obtain conserved sequences responsible for the uranyl binding and enzymatic activity ([@gkt694-B45]), and a fluorescence resonance energy transfer study to elucidate uranyl-dependent global folding of the 39E DNAzyme ([@gkt694-B53]). Although these results contribute to our understanding of metal specificity, they provide information only on the global scale and do not provide detailed information about the metal-binding site. To overcome this limitation, we herein take advantage of uranyl-mediated photocleavage, commonly used as a general technique to probe the structure of nucleic acids and nucleic acid--protein complexes, to elucidate important uranyl-binding sites relevant to catalysis. Figure 1.Predicted secondary structures of the trans-cleaving 39E DNAzyme used in this study. (**a**) The 39E DNAzyme consisting of a DNAzyme strand (in green) and a substrate strand (in black). The substrate strand contains a single riboadenosine at the cleavage site (in red). (**b**) A 39E DNAzyme variant used for the uranyl-mediated photocleavage experiments. The scissile riboadenosine was changed to deoxyriboadenosine to prevent DNAzyme-based cleavage. In addition, the arms of the DNAzyme-substrate at both ends are either extended (in blue) or deleted (in gray), making both arms more symmetrical to aid data collection and analysis. These changes do not affect the enzymatic activity.

Uranyl ions () are known to induce single-strand nicks in DNA on light irradiation (300--420 nm) ([@gkt694-B54]). The photochemically excited state of the uranyl ion is a strong oxidant, capable of oxidizing a variety of substrates such as alcohols and phosphates ([@gkt694-B55]). Although the molecular mechanism of uranyl-mediated photocleavage is not fully understood, it has been proposed that uranyl ions can bind strongly to the phosphate backbone of DNA because of electrostatic interactions, and then act as an efficient cleavage reagent on irradiation by means of oxidation of the proximal deoxyriboses via an electron transfer mechanism ([@gkt694-B56]). In previous studies, uranyl has been used as an analog of other divalent metals, such as Mg^2+^, as an efficient photochemical probe for identifying protein--DNA interactions, exploring potential metal-binding sites in folded nucleic acids, and studying DNA and RNA conformations ([@gkt694-B54],[@gkt694-B56; @gkt694-B57; @gkt694-B58; @gkt694-B59; @gkt694-B60; @gkt694-B61; @gkt694-B62; @gkt694-B63]). As the 39E DNAzyme is highly selective for uranyl, uranyl-mediated photocleavage becomes a particularly powerful technique to directly probe uranyl binding. Our results using relatively low and catalytically relevant concentrations of uranyl in the photocleavage experiments suggest uranyl binding close to the bulge loop, the 5′ substrate-binding region close to the cleavage site and also to the stem loop. The specificity of these interactions is supported through citrate and magnesium competition experiments, as well as through the use of DNAzyme variants with mutations at selective locations.

MATERIALS AND METHODS
=====================

All oligonucleotides were obtained in desalted form from Integrated DNA Technologies, Inc. (Coralville, IA) and were purified by polyacrylamide gel electrophoresis (PAGE) for kinetic assays and uranyl photocleavage. Uranyl Nitrate hexahydrate was purchased from Fischer Scientific. All other metal salts used were obtained from Alfa-Aesar (Ward Hill, MA) and were of Puratronic® grade (99.999% pure). \[γ-^32^P\]-adenosine 5′-triphosphate (ATP) was purchased from Perkin Elmer (Waltham, MA), and T4 kinase was purchased from New England Biolabs, Inc. (Ipswich, MA). All other chemicals were of at least ACS reagent grade and were purchased from either Sigma-Aldrich (St. Louis, MO) or Thermo Fisher Scientific, Inc. (Waltham, MA).

Uranyl photocleavage
--------------------

DNA samples for uranyl photocleavage studies were purified by running them through a 20% polyacrylamide denaturing gel \[20% w/v (29:1, acrylamide:bisacrylamide), 8 M urea, 1× TBE (Tris, Boric acid and EDTA) buffer\]. The DNAzyme and substrate bands were cut out of the gel, crushed and soaked by shaking for 2--3 h in a soaking buffer \[10 mM Tris buffer (pH 7.5), 1 mM EDTA, 100 mM NaCl\]. The DNA samples were then recovered from the supernatant after centrifugation. Finally, the DNA was purified through ethanol precipitation. The substrate strand used for these studies contained a deoxyadenosine at the cleavage site instead of riboadenosine to render the substrate to be non-cleavable, a common practice in the field to focus on metal-binding studies. Conditions used were modified from those of Møllegaard, and Nielsen ([@gkt694-B62]). After PAGE purification, the non-cleavable substrate (39DS) or enzyme oligonucleotide \[e.g*.* 39E (−1,+5)\] was labeled at the 5′-end with \[γ-^32^P\]-ATP using T4 kinase and purified by PAGE. The radiolabeled DNA strand was extracted from the gel as described previously, followed by ethanol precipitation, and subsequent storage at −20°C until use. The sequences were designed such that cytosine was not present at the 5\' end, as it is known to lead to lower labeling efficiency ([@gkt694-B64]). In addition, the original sequence of the 39E DNAzyme ([@gkt694-B44]) was lengthened by five bases at the 3′ end as compared with the construct used for activity assays. This mutation was made to aid in gel analysis by giving a higher resolution of the catalytic core on the gel. The new construct, including modifications at both ends of the binding arms, was named 39E (−1,+5) to denote the deletion of one base and extension by five bases at the 5′ and 3′ ends, respectively. Previous studies of DNAzymes have shown that such modifications to the enzyme-substrate hybridization region away from the cleavage site do not have any effect on catalytic activity, as long as the base pairing is maintained ([@gkt694-B33]).

The photocleavage reactions were performed by preparing a 90 µl of solution containing 5 nM 5′-radiolabeled strand and 50 nM complementary strand (experiments were performed with either enzyme or substrate labeled in turn) in 50 mM MES (pH 5.5) and 250 mM NaNO~3~, which is the same condition under which *in vitro* selection, biochemical studies and sensing applications of the 39E were carried out ([@gkt694-B33],[@gkt694-B34]). (All concentrations were calculated based on a final reaction volume of 100 µl). The sample solution containing the enzyme and substrate in buffer was denatured at 95°C in a water bath and then annealed by gradual cooling to room temperature over ∼45 min. Uranyl nitrate was added to a final concentration ranging between 2.5 nM and 1 mM to result in a solution with a final volume of 100 µl. For competition experiments, either citrate (1 µM--1 mM) or Mg^2+^ (1 mM--100 mM) was added. Addition of citrate results in a competition for uranyl between the DNA and citrate, whereas addition of Mg^2+^ results in competition between the cations for binding sites on DNA. When Mg^2+^ was added, it was allowed to incubate with the annealed sample for a minimum of 10 min. When citrate was added, it was mixed with uranyl for a minimum of 10 min before being added to the reaction mixture. Samples were placed in a 96-well Matrix microplate (Thermo Fisher Scientific) and an Oriel long-wave Hg pen lamp was stationed ∼1 inch above the surface of the microplate. A maximum of 12 samples were run simultaneously to ensure even exposure to the pen lamp; exposure time was held at 20 min for all samples. Following exposure, samples were quenched by 20 µl of precipitation buffer containing 0.5 M sodium acetate (pH 4.5), followed by ethanol precipitation and a single wash with 70% ethanol. Afterwards, the samples were evaporated to dryness on a Speedvac (Concentrator Plus from Eppendorf, Hamburg, Germany) and stored at −20°C until analysis. A guanine-adenine (GA) ladder was prepared according to the method reported by Hampshire *et al.* ([@gkt694-B65]). In preparation for gel analysis, samples were dissolved in 5 µl of 7:3 loading buffer:ultrapure water (loading buffer: 7 M urea, 40% v/v formamide, 12% w/v Ficoll, 30 mM EDTA, 100 mM Bis-tris and 0.05% w/v each bromophenol blue and xylene cyanol) ([@gkt694-B66]), heated to \>90°C for 2 min, plunged immediately into ice and separated on a 20% (or lower percentage, depending on sequence length) 29:1 acrylamide:bis-acrylamide gel. After this procedure, the gels were dried, exposed to a cassette, imaged on a Molecular Dynamics Storm 430 phosphorimager and quantified using Semi-Automated Footprinting Analysis (SAFA) ([@gkt694-B67]). Each experiment was repeated at least twice. All data found are reproducible. Different control samples were probed to confirm that any cleavage observed was generated only by photocleavage. Neither self-cleavage, thermal damage caused by uranyl (1 mM uranyl, no light), nor light source damage (no uranyl) were found.

RESULTS
=======

Uranyl photocleavage of the 39E DNAzyme and 39S substrate complex
-----------------------------------------------------------------

### Uranyl-mediated photocleavage when the 39E DNAzyme strand is labeled

To locate the site of uranyl binding to the enzyme strand, the uranyl photocleavage reactions were first conducted with the 39E DNAzyme strand labeled by ^32^P at the 5′ end in the enzyme/substrate complex (see [Figure 1](#gkt694-F1){ref-type="fig"}b). The addition of the unlabeled substrate strand allows formation of the enzyme/substrate complex, even though the substrate strand is not detectable in gels because it is not radioactively labeled.

Previous uranyl photocleavage studies used uranyl concentrations from 50 µM to 1 mM to see a protection effect indicative of protein binding ([@gkt694-B54],[@gkt694-B56; @gkt694-B57],[@gkt694-B60],[@gkt694-B62]). These concentrations are significantly higher than what is required for enzymatic activity of the 39E DNAzyme, as it is known to have a high affinity for uranyl with an apparent dissociation constant of 496 nM ([@gkt694-B45]). Therefore, to find the optimal concentrations of uranyl for this study that are relevant to the enzymatic activities, a range of uranyl concentrations from 2.5 nM to 1 mM was tested. At high concentrations of uranyl (500 µM and 1 mM), an even cleavage pattern was obtained across all positions, indicating non-specific uranyl-mediated photocleavage (see [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)). This result is not surprising, as previous enzymatic assays also showed a largely inactive 39E DNAzyme in the presence of 1 mM uranyl ([@gkt694-B45]). The photocleavage reactions were therefore carried out at lower concentrations (between 2.5 nM and 50 µM), and the data obtained using PAGE are shown in [Figure 2](#gkt694-F2){ref-type="fig"}. In contrast to the uniform cleavage pattern at high uranyl concentration (e.g. 50 µM), only certain nucleotides are selectively cleaved at low uranyl concentrations. The nucleotides denoted in bold were identified through the use of a GA ladder.

To investigate the effects of either a chelator for uranyl (citrate) or a competing metal ion (Mg^2+^) on the cleavage pattern, the same photocleavage reactions were repeated in the presence of increasing concentrations of citrate or Mg^2+^, and the data are shown in [Supplementary Figure S2a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1) and [b](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), respectively. The presence of either competitor is able to reduce the overall cleavage, demonstrating the high affinity of uranyl by the 39E DNAzyme. The gel image shows a distinctive cleavage pattern. An intense cleavage was observed in the bulge loop region, and in the 5′ substrate-binding region close to the cleavage site. A less intense degree of cleavage was observed at the stem loop region. Figure 2.Gel images of uranyl photocleavage reactions of 39E (−1, +5) DNAzyme with the enzyme strand labeled and in the presence of varying concentrations of uranyl.

The photocleavage pattern was analyzed, and the band intensities were quantified using the SAFA program ([@gkt694-B67]). The photocleavage intensities obtained after quantification with SAFA were first normalized to a specific band located at the 5′ arm, where no specific cleavage pattern was observed. This normalization makes every line comparable with each other, regardless of possible artifacts such as differences in intensity, owing to disparity in the amount of radiolabeled DNA strand loaded in the gel after the entire experimental procedure is complete for all concentrations of uranyl under study (2.5 nM--1 mM). Next, the mean values of the normalized intensities were calculated from the three individual uranyl-mediated photocleavage experiments for the 39E (−1,+5) DNAzyme, which showed high reproducibility in terms of specific cleavage pattern. Data reported are mean values of the results.

After quantification with SAFA ([@gkt694-B67]), we proceeded to evaluate the correlation between the photocleavage intensity and the catalytic enzymatic activity of 39E. Previously, kinetics studies under single-turnover conditions demonstrated that 39E shows a bell-shaped curve depending on the concentration of uranyl, with the highest activity found at ∼5 µM uranyl. Remarkably, the photocleavage intensities showed the same trend. [Figure 3](#gkt694-F3){ref-type="fig"} shows these results for the uranyl-mediated photocleavage at T23, located at the bulge loop of the 39E DNAzyme, which demonstrates the highest photocleavage intensity. This bell-shape curve matches well with the bell-shaped curve for the enzymatic activity of the same enzyme reported previously, as both data sets follow the same pattern, with a maximum uranyl photocleavage and enzymatic activity peak at 5 µM uranyl ([@gkt694-B45]). These results strongly suggest that the uranyl-mediated photocleavage study is an excellent method to probe the uranyl binding to the DNAzyme that is highly relevant to the enzymatic activities. Figure 3.Comparison between the normalized uranyl-dependent photocleavage intensity at T23 and the enzymatic activity of 39E DNAzyme. The intensity values correspond to the mean value calculated from three individual gels.

Encouraged by the strong correlation between the uranyl-dependent photocleavage and enzymatic activity, we used the SAFA program to analyze the pattern of the cleavage to locate sites of uranyl binding. [Figure 4](#gkt694-F4){ref-type="fig"}a shows relative photocleavage intensities for each nucleotide in the enzyme strand at 50 nM, 500 nM and 5 µM uranyl, as this is the concentration range relevant to the enzymatic activity (see [Figure 3](#gkt694-F3){ref-type="fig"}). A high degree of cleavage was observed in the bulge loop region (C21, C22, T23, T24, C25, A26 and G27) and in the 5′ substrate-binding region close to the cleavage site (T2.4, G2.3, C2.2, A2.1 and G3), suggesting specific uranyl binding at these locations. A much less intense degree of cleavage was observed at the stem loop region (G11 and T12). Figure 4.Uranyl photocleavage of 39E (−1, +5) DNAzyme with either the enzyme strand (**a--c**) or the substrate labeled (**d--f**). Plots display strand sequences from 5′ end to 3′ end. Plots (a--c) show the 39E (−1,+5) enzyme strand sequence from A2.9 to A30.7. Plots (d--f) show the 39DS (+5,−1) substrate strand sequence from A31.9 to C1.13. The gel images were quantified by SAFA, with the horizontal axis indicating the bands from 5′ to 3′ end according to [Figure 1](#gkt694-F1){ref-type="fig"}b. Colors represent the intensity of photocleavage, red (high), green (intermediate) and blue (low) according to regions in the secondary structure of the 39E/S complex. (a) Uranyl-mediated photocleavage of 39E DNAzyme with the enzyme strand labeled and in the presence of 5 µM (Black), 500 nM (gray) and 50 nM (white) of uranyl. (b) Uranyl-mediated photocleavage of 39E DNAzyme with the enzyme strand labeled and in the presence of 5 µM uranyl in addition to increasing concentrations of sodium citrate. 5 µM uranyl (black), 5 µM uranyl in addition to 100 µM sodium citrate (gray) and 5 µM uranyl in addition to 1 mM sodium citrate (white). (c) Uranyl-mediated photocleavage of 39E DNAzyme with the enzyme strand labeled and in the presence of 5 µM uranyl (black) in addition to magnesium chloride, 1 mM Mg^2+^ (gray) and 10 mM (white). (d) Uranyl-mediated photocleavage of 39E DNAzyme with 39DS substrate strand labeled and in the presence of 5 µM (Black), 500 nM (gray) and 50 nM (white) uranyl. (e) Uranyl-mediated photocleavage of 39E DNAzyme with the 39DS substrate strand labeled and in the presence of 5 µM uranyl in addition to an increasing concentration of sodium citrate, 100 µM citrate (gray) and 1.0 mM citrate (white). (f) Uranyl-mediated photocleavage of the 39E DNAzyme with 39DS substrate strand labeled and in the presence of 5 µM uranyl in addition to magnesium chloride, 1 mM Mg^2+^ (gray) and 10 mM (black).

To support the aforementioned findings of a uranyl binding site, the same photocleavage reactions were repeated in the presence of increasing concentrations of citrate ([Supplementary Figure S2a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)). A few other studies have used several citrate concentrations ([@gkt694-B59],[@gkt694-B61]). We carried out titrations with a wide range of concentrations (1 µM--1 mM) of citrate as competitor of the DNAzyme in the presence of 5 µM uranyl. As the citrate concentration increases relative to the uranyl concentration, only the high affinity sites in the DNAzyme are capable of competing to bind any remaining uranyl. At 5 µM uranyl, the addition of a low concentration of citrate (1--5 µM) results in minimal perturbations of the relative photocleavage intensity ([Supplementary Figure S2a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), lanes 2--6). Even though concentrations of citrate higher than 10 µM lead to an overall decrease in the relative cleavage intensity, the specific pattern remains observable and is analogous to the cleavage pattern seen with lower uranyl concentrations ([Supplementary Figure S2a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), lanes 7--10). Furthermore, the relative cleavage intensities between the specific uranyl binding sites and those positions that uranyl does not bind specifically increase with increasing concentrations of citrate. For example, [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1) shows the changes in the ratio of the relative intensities of T23 located at the bulge loop and C18 located in the stem on addition of citrate. The ratio increases with increasing concentrations of citrate until ∼50 µM, indicating that the citrate preferentially reduced uranyl binding and thus cleavage at lower affinity binding sites such as C18. Once the concentration of citrate is higher than 50 µM, the ratio between these intensities starts decreasing, attributable to citrate being able to out-compete the DNAzyme for uranyl binding at higher concentrations. Ten equivalents of citrate and above minimize the overall photocleavage by shifting the equilibrium in favor of citrate binding to uranyl, leaving much less free uranyl available to bind to the DNAzyme. The DNAzyme may still have access to uranyl even at higher citrate concentrations, although the amount of uranyl bound may be insufficient to show cleavage due to the low yield of the uranyl-mediated photocleavage at low concentrations of uranyl ([@gkt694-B56]). [Figure 4](#gkt694-F4){ref-type="fig"}b shows relative photocleavage intensities for each nucleotide in the enzyme strand at 5 µM uranyl in the presence of 100 µM and 1 mM citrate.

A similar competition experiment was performed in the presence of Mg^2+^. After the enzyme and substrate strands were annealed, Mg^2+^ was added and allowed to incubate with the DNAzyme for 10 min to ensure full association of Mg^2+^ with the DNAzyme. Uranyl was then added, followed by irradiation. In the presence of 5 µM uranyl, addition of 1--10 mM Mg^2+^ did not perturb the specific binding of uranyl to the DNAzyme ([Supplementary Figure S2b](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), lanes 1--5). When the Mg^2+^ concentration was increased from 50 to 100 mM, the high susceptibility of these sites towards photocleavage was reduced, suggesting direct competition between the two cations for binding to the DNAzyme ([Figure 4](#gkt694-F4){ref-type="fig"}c). Addition of either citrate or Mg^2+^ results in a trend similar to that of low concentrations of uranyl alone, confirming specific interactions with uranyl at the bulge loop, the 5′ binding region adjacent to the cleavage site and the stem loop. These results demonstrate the high affinity of uranyl for the 39E DNAzyme because uranyl is able to bind and cleave the enzyme in the presence of 200 times more citrate or 20 000 fold excess of Mg^2+^.

### Uranyl-mediated photocleavage when the 39DS substrate is labeled

We further investigated the uranyl binding sites of the substrate strand. Similar to experiments performed with the enzyme strand labeled with ^32^P, the photocleavage experiments were performed with the substrate strand labeled at the 5′ end, in the presence of uranyl alone ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)), and in the presence of citrate or Mg^2+^ ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)). A strong interaction between uranyl and 39DS was observed between A31.2 and G1.2, with the highest intensity at A32, which is the cleavage site. As the adenosine ribonucleotide in the middle of the substrate strand was replaced with an adenosine deoxyribonucleotide (called 39DS) to render it non-cleavable in the presence of uranyl and in the absence of light, any cleavage observed in the photocleavage experiments here must have been due to binding of uranyl and subsequent photocleavage rather than catalytic activity. Analogous quantification of the cleavage intensities was performed using SAFA ([@gkt694-B67]). [Figure 4](#gkt694-F4){ref-type="fig"}d--f shows the normalized photocleavage intensities in the presence of uranyl alone and in the presence of citrate or Mg^2+^. The results from addition of either citrate ([Figure 4](#gkt694-F4){ref-type="fig"}e) or Mg^2+^ ([Figure 4](#gkt694-F4){ref-type="fig"}f) show a similar trend.

### Uranyl-mediated photocleavage of 39E mutants

A previous mutational study carried out by Brown *et al.* ([@gkt694-B45]) revealed that the nucleotides in the bulge region of the 39E DNAzyme (between C22 and G27) are highly conserved. In this study, a 39E variant called Mutant 14, in which the CTTC sequence was mutated to a TCCT sequence, showed no activity after the mutation. Motivated by this information, we carried out the uranyl-mediated photocleavage of two 39E variants with mutations at the bulge region for the purpose of analyzing the sequence requirement for uranyl binding in this single-stranded region. Based on the aforementioned report ([@gkt694-B45]), we chose Mutant 14 and designed a second variant we called Mutant 14+T, where A26 was mutated into thymine ([Figure 1](#gkt694-F1){ref-type="fig"}). We performed parallel uranyl-mediated photocleavage of the 39E DNAzyme along with Mutant 14 and Mutant 14+T in the presence of 5 µM uranyl only and 5 µM uranyl with an increasing concentration of citrate (5 µM, 100 µM and 1 mM) under the same condition as in [Figure 4](#gkt694-F4){ref-type="fig"}. The gel images of the uranyl photocleavage for the original 39E DNAzyme and the variants under study, shown in [Supplementary Figure S6a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), demonstrate that the two mutants display a different cleavage pattern in comparison with the 39E DNAzyme and do so at a lower binding affinity. To obtain a detailed comparison, we quantified the gels using the SAFA program. As shown in [Supplementary Figure S6b](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), the results obtained from the quantification confirm the observation that the distinctive cleavage pattern shown by the 39E DNAzyme is changed when mutations are introduced in the region of highest affinity for uranyl. Similar to what was observed for 39E (−1,+5) in [Figure 4](#gkt694-F4){ref-type="fig"} and [Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), when an excess of citrate was added to the mutants, the overall relative photocleavage intensity was decreased.

To improve base resolution around the mutated bulge region, we repeated the experiments by splitting the samples in half and then loading them in different lanes on the same gel at different time intervals. As shown in [Supplementary Figure S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1), the well-resolved bands in the bulge region clearly indicate the differences in cleavage patterns between the 39E DNAzyme and its mutants in the bulge region. Not only are different patterns present but the relative photocleavage intensity in the bulge loop is also lower for the mutants. Together, these results strongly support the conclusion that the specific pattern observed for the photocleavage of the 39E DNAzyme can be directly associated with specific uranyl binding to this DNAzyme.

### Uranyl-mediated photocleavage of the 39DS Duplex and the 8--17 DNAzyme

To further confirm that the results are relevant to uranyl-specific activity of the 39E DNAzyme, we repeated the experiment using a duplex containing the same sequence of the enzyme substrate 39DS and its complementary strand (39DS duplex) and the 8--17 DNAzyme under the same condition. As the 39DS duplex is purely double stranded, it is used to check for potential bias in terms of sequence. As the 8--17 DNAzyme forms a tertiary structure with single-stranded regions, any preference of uranyl for single-stranded regions should become evident in this control. The cleavage patterns for these two constructs are shown in [Supplementary Figure S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1). Photocleavage of the 39DS Duplex showed negligible cleavage with 5 µM uranyl, in contrast to 39E (−1,+5) DNAzyme, which demonstrated maximum cleavage intensity at this concentration. When photocleavage was carried out with 500 µM and 1 mM uranyl, the intensity of the cleavage improved, although no evidence of specific binding was observed.

On the other hand, photocleavage of the 8--17 DNAzyme showed a different cleavage pattern with uranyl between 500 nM and 1 mM in comparison with the 39E DNAzyme. Although the secondary structures of both the 39E and 8--17 DNAzymes are similar, the cleavage patterns are markedly different ([Supplementary Figure S9](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)). The 8--17 DNAzyme exhibits strong cleavage at T2.1 located in the region close to the cleavage site ([Supplementary Figure S8a](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt694/-/DC1)) with a generally lower signal to background ratio. Contrary to what we observed for the 39E DNAzyme, the 8--17 DNAzyme did not show a strong cleavage at the bulge region between T12 and A15, despite the similarities between their secondary structures. These results demonstrate that uranyl cleavage does not occur unselectively in single-stranded regions of the secondary structure of the 39E DNAzyme. These results support the conclusion that the specific pattern observed for the photocleavage of the 39E DNAzyme can be directly associated with specific uranyl binding to this DNAzyme.

DISCUSSION
==========

The uranyl-mediated photocleavage studies on the 39E DNAzyme ([Figure 4](#gkt694-F4){ref-type="fig"}a--c) indicate a significant photocleavage within the bulge loop of the 39E enzyme strand (in red), with the highest cleavage efficiency between C22 and A28, suggesting a strong binding of uranyl to this bulge loop of the 39E DNAzyme. Previous mutational studies have shown the bulge region of 39E to be highly conserved ([@gkt694-B45]). When mutations were carried out on the pyrimidine-rich loop containing C22, T23, T24 and C25, the activity was highly perturbed. Mutations of the two central thymines into two cytosines resulted in a less active DNAzyme, whereas the simultaneous replacement of C22 and C25 by two thymines produced a completely inactive mutant. The same study also showed that deletion of any of these bases resulted in a complete loss of activity. Moreover, the photocleavage results observed for the 39E variants confirm the sequence-dependent binding of uranyl to the catalytic core of this DNAzyme. Therefore, the uranyl-mediated photocleavage studies presented here not only confirm the importance of the conserved loop in enzymatic activities based on the mutational studies but also pinpoint this loop as a site for uranyl binding.

The uranyl photocleavage experiments also reveal strong interaction with uranyl in the substrate-binding region close to the cleavage site on the 39E DNAzyme, specifically between the bases T2.4 and G3 ([Figure 4](#gkt694-F4){ref-type="fig"}a--c). This finding suggests that these bases may be involved in uranyl binding. Previous mutagenesis studies have established that A2.1 is a highly conserved base; mutations of this base to thymine and cytosine render the enzyme completely inactive ([@gkt694-B45]). This A2.1 base forms a wobble base pair with the G1.1 nucleotide on the substrate strand. The importance of non-canonical base pairs in DNAzyme-substrate complexes has been noted previously by several groups ([@gkt694-B34],[@gkt694-B40],[@gkt694-B45]). Interestingly, the relevance of the presence of wobble pairs adjacent to the cleavage site has also been shown for the 8--17 DNAzyme. This DNAzyme has a G·T wobble base pair, which is crucial for the enzyme function. These kinds of wobble pairs may allow flexibility to help achieve the conformation for correct binding of the metal ions to perform catalysis ([@gkt694-B68; @gkt694-B69; @gkt694-B70]).

A less intense, though reproducible, interaction between uranyl and the stem loop of the 39E DNAzyme, specifically at G11 and T12, was observed. In the original selection of the 39E DNAzyme, 49 clones could be aligned against the secondary structure of the 39E DNAzyme ([@gkt694-B44]). In all these sequences, the stem loop region was highly conserved. However, variations of sequence length in this region could be allowed without compromising the DNAzyme activity; a complete deletion of the stem loop resulted in little inhibition of the DNAzyme. We found that both G11 and T12 in this stem loop region may be involved in uranyl binding, likely as a result of being in proximity to the active site, as these bases are unlikely to bind uranyl independently.

Previous structural studies of this highly uranyl-specific 39E DNAzyme focused mostly on metal ion-dependent global folding or conformation changes ([@gkt694-B53]). In this work, we use uranyl photocleavage to zoom in on the uranyl-binding site in this DNAzyme. We took advantage of a general footprinting method for mapping nucleic acids and used it to find specific uranyl-binding sites in this DNAzyme by using uranyl concentrations (2.5 nM--1 μM) that are much lower than those used in previous uranyl photocleavage studies (50 μM--1 mM) and more relevant to the DNAzyme activity. This method has produced results with higher resolution than previous folding studies. By adopting a uranyl-mediated photocleavage method, we identified three regions in the 39E DNAzyme involved in binding the uranyl ion: the bulge loop between T23, C25 and A28, the 5′ binding region close to the cleavage site between T2.4 and C3, and the stem loop at G11 and T12 (see [Figure 5](#gkt694-F5){ref-type="fig"}). It is also shown that uranyl binds specifically at the cleavage site of the substrate strand. The results presented here provide important information about the positions that are crucial for uranyl binding in the 39E DNAzyme. Figure 5.Schematic representation of the 39E DNAzyme (original sequence), summarizing the results from the uranyl photocleavage studies. Bars indicate bases that showed specific binding of uranyl in the photocleavage studies, color code is based on [Figure 4](#gkt694-F4){ref-type="fig"}.
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